ABSTRACT An operational control system was proposed in order to control and supervise the operations of PV/Wind/Hydro-Diesel hybrid power generation systems at GSM base station sites. The control system was developed in such a way that it coordinates when power should be generated by renewable energy (PV panels, wind turbine and hydro turbine) and when it should be generated by diesel generators. This system is intended to maximize the use of the renewableenergy system while limiting the use of the diesel generator. The diesel generator is utilized only when the demand cannot be met by the renewable energy sources including battery bank. A developed control system was used to study the operations of the hybrid PV/Wind/Hydro-Diesel energy system. The control simulation shows that the developed control system reduces the operational hours of the diesel generator thereby reducing the running cost of the hybrid energy system and pollutant emissions. From the simulation result, the developed control system reduces the operational hours of the diesel generator from 7,106 h yr -1 to 1,786 h yr -1 saving 28,087 L of fuel annually, and thereby preventing about 73,961 kg of CO 2 from entering the environment of the studied area. This control system is suitable for use in a more complex hybrid system.
Introduction
In hybrid systems with batteries and without diesel generators, the dispatch strategy is simple: the battery charges if the renewable energy exceeds the demand, and the battery discharges if the load exceeds the renewable energy. However, the control strategies of a hybrid system can become very complex if the system includes a diesel generator and batteries [José et al. 2009] . Therefore, it is necessary to determine how the batteries are charged and what element (batteries or diesel generator) have priority to supply energy when the load exceeds the energy generated from renewable sources. Barley et al. [1995] proposed various strategies for the operation of hybrid PV-Diesel-Battery systems.
One-hour intervals are considered, during which the system parameters remain constant. They also consider ideal batteries, without taking into account losses or the influence of the cycles in the lifespan of these. The three basic control strategies proposed are the following:
• Zero-charge strategy (Load Following Diesel): the batteries are never charged using the diesel generator. Therefore, the Setpoint of the State of Charge (SOC_Setpoint) is 0%.
• Full cycle-charge strategy: the batteries are charged to 100% of their capacity every time the diesel generator is on (SOC_Setpoint = 100%).
• Predictive control strategy: the charging of the batteries depends on the prediction of the demand and the energy expected to be generated by means of renewable sources, so there will be a certain degree of uncertainty. With this strategy, the energy loss from the renewable energies tends to decrease.
This study proposed an optimum point for the SOC_Setpoint between 0 and 100% in such a way that the total operation cost of the system is minimal. The strategy used is between the Zero-charge and Full cycle-charges. Barley and Winn [1996] improved the control strategies model of Barley et al. [1995] , introducing new parameters that have become of great importance in the control strategies of the HOMER software tool. The Critical Discharge Power (Ld) is the value as from which the net energy (which is demanded by the charges minus that supplied by the renewable sources) is more profitable when supplied by means of the diesel generator, than when supplied by means of the batteries (after being charged by the diesel generator). The authors propose four control strategies:
• Frugal dispatch strategy: if the net demand is higher than Ld, the diesel generator is used. If it is lower, the batteries are used.
• Load following strategy: the diesel generator never charges the batteries.
• SOC_Setpoint strategy: the diesel generator is on at full power, attempting to charge the batteries until the SOC_Setpoint is reached.
• Operation strategy of diesel at maximum power for a minimum time (charging the batteries). Muselli et al. [1999] and Muselli et al. [2000] simulate a hybrid PV-Diesel-Battery system with only DC load in such a way that all the energy from the diesel generator goes through the batteries. The diesel generator works at nominal power, providing that the State of Charge (SOC) of the batteries is within determined limits (SDM and SAR, in % of the battery capacity). Yang et al. [2008] suggested an optimal sizing method to optimize the configurations of a hybrid Solar/Wind system with battery banks. They used a genetic algorithm (GA) to calculate the optimum system configuration that could achieve the required loss of power supply probability (LPSP) with minimum annualized cost of system (ACS). Ekren et al. [2009] designed and developed an optimum sizing procedure of Wind-PV/diesel hybrid system for small applications in Turkey. Saheb-Koussa et al. [2010] proposed a hybrid power system to generate power for grid connected applications in the southern parts of Algeria. Results showed that it is possible for Algeria to use the solar and wind energy to generate enough power for villages in the desert and rural areas with slightly lower estimation of energy cost and significant decrease in pollutant emissions. Saheb-Koussa et al. [2009] designed a Wind/PV/Diesel hybrid energy system with battery backup and conducted a technoeconomical feasibility of the system for remote applications in Algeria. Results indicated that the hybrid system is the best option for all the sites considered, provided higher system performance than photovoltaic or wind-only systems. The reliability of the system improved, and it was found that the energy cost depends largely on the renewable energy potential. Nfah et al. [2007] studied a Solar/Diesel/Battery hybrid power systems to meet the typical rural domestic energy demands in the range 70-300 kWh yr -1 , and found that a hybrid power system comprising a 1440 Wp solar PV array and a 5 kW single-phase generator operating at a load factor of 70%, could meet the required load. Rehman et al. [2007] in their paper titled "Feasibility study of Hybrid Retrofits to an isolated off-grid diesel power plant" used HOMER software to perform a pre-feasibility of wind penetration into an existing diesel plant of a village in north eastern part of Saudi Arabia. Of all these reviewed literatures, none looked at the operational control, which can lower the use of diesel in a hybrid system, thereby significant decreasing emissions, as well as costs.
The main objective of this study was to develop an optimal operational system to control and supervise the operations of PV/Wind/Hydro-Diesel hybrid power generation system for GSM base station sites.
Power consumption of macro base transmitter station site
The electric power needed for the Base station equipment and the energy required to remove heat from the shelter (cabin) are given by [Ani and Emetu, 2013] and stated below:
• Base station site equipment power requirement = 8,060 W h This implies that a site consumes 13.3 kW of electricity.
Load variation of the GSM base station site
The slight changes as well as the flat lines for extended periods of time in Fig. 1 are of daily electricity consumption of the GSM base station site. All the facilities (radio equipment, power conversion equipment, antenna equipment, transmission equipment, and climate equipment) at the base station site are ON for 24 h (00:00 h -23:00 h), except the auxiliary equipment (security light) that comes on only for 13 h (18:00 h -7:00 h). It is assumed that this load is identical for every day of the year. The annual peak load of 13 kW was observed between 18:00 h and 07:00 h, with 318 kWh d -1 energy consumption. The daily average load variation for the Base station site is shown in Fig. 1 and Table 1 .
Methodology
The study involves theoretical load demands as shown in Table 1 and Fig. 1 . The load is assumed constant all year. The hybrid renewable consists of a hydro-turbine, a wind turbine and solar photovoltaic (PV) panels. A Generator (diesel or petrol-based) with battery and inverter are added as part of back-up and storage system. The renewable energy supplied is based on hourly basis as well as the fluctuation of parameters involved in wind turbine and solar PV.
Resources Assessment
In the system design, a resource Renewable energy sources (RES) is considered anything that can be used to generate electricity, and that comes from outside the system. RES available at a location can differ considerably from site to site and this is a vital aspect in developing the hybrid system. As RES like wind, solar and hydro are naturally available and intermittent, they are the best option to be combined into a hybridized diesel system. All of these resources depend on different factors -apart from seasonal or even hourly changes: whereas the amount of solar energy available is dependent on climate and latitude, the hydro resource depends from the location's topography and its rainfall patterns; the wind resource is influenced by atmospheric circulation patterns and geographic aspects [Ani, in press] . In turn, the dependence of the Figure 1 Daily profile of electricity consumption at the GSM base station site [Ani and Emetu, 2013] Table 1 The electrical load (daily load demands) data for the base station site [Ani and Emetu, 2013] resource on various factors influences when, and how much power can be generated, which defines the behaviour and economics of the hybrid system. Table 2 shows the solar, wind and hydro resource for NkanuWest (Enugu State), Nigeria, used for the simulation.
Model Development
The following equations, used in this study, are based on equations used by [HOMER, 2012; Kamaruzzaman et al. 2008; Lambert, 2009] , to derive the power supplied by renewable, battery charging and discharging.
The PV Power:
The Wind Power:
The Hydro Power:
n pv ∑ Battery Discharging:
Battery Charging: Based on a system energy balance, and on the storage continuity equation, the battery charger output power P b charger (t), the PV output power P pv (t), the wind output power P w (t), the hydro output power P h (t) and the load power P L (t) on the simulation step ∆t (the consumption patterns previously described), the battery energy benefit during a charge time ∆t 1 is given by (∆t 1 < ∆t):
The battery energy loss during a discharge time ∆t 2 is given by (∆t 2 <∆t):
The state of charge of the battery is defined during the simulation time-step ∆t by:
If C(t) reaches the Stopping threshold (SAR) by an energy benefit C 1 (t) during the charge period with the engine-generator working, the generator has to be stopped, and the charge time ∆t 1 during ∆t is calculated assuming a linear relation:
Moreover, if during the discharge period, the engine generator is stopped, C(t) reaches Starting threshold (SDM), the motor is started and the discharge time ∆t 2 during ∆t is calculated by a linear relation as:
As an input of a simulation time-step ∆t (taken as 1 h), several variables were determined: PV output power, wind output power, hydro output power, load power, battery state of charge, and back-up generator state (ON or OFF). A battery energy balance indicates the operating strategy of the PV/Wind/Hydro-Diesel hybrid system: charge (energy balance positive) or discharge (energy balance negative). If SOC(t) falls below SDM, the motor is started; and if SOC(t) exceeds SAR, it is stopped.
Control system for power management
Operating strategy for the hybrid PV/Wind/ Hydro-Diesel system with battery When the renewable sources produce less energy than what is demanded (the wind speed, the solar radiation and the stream flow are low), the deficit power should be supplied by the battery bank. When the state of charge of battery bank reaches its minimal level (40%), then the diesel generator functions. 
Optimization of operational strategy
Good operation of a hybrid system can be achieved only by a suitable control of the interaction in the operation of the different devices. An exhaustive knowledge of the management strategies to be chosen in the preliminary stage is therefore fundamental to optimize the use of the renewable sources, minimize the wear of batteries, consume the smaller possible quantity of fossil fuel [Seeling-Hochmuth, 1997; Seeling, 1995] .
Hybrid system controller
An operational control strategy consists of certain predetermined control settings that are set when installing the system. Such settings concern the setpoint of when to switch on the diesel or not, based on certain values representing the system state, such as the battery state of charge and the demand placed on the system. The time-independent controller setting in the developed design system is shown in Fig.  2 . The hybrid system control consists of 4 modes. PV is chosen as the primary energy generation mechanism and therefore Mode 1 is used when solely the PV power generated is sufficient to power the system. This power is regulated using sliding mode control as shown in Fig. 3 . In Mode 2, the PV power is generated at its maximum and wind energy generation then tracks the load power using sliding mode control. In Mode 3, the PV power and wind power is generated at its maximum and hydro energy generation then tracks the load power using sliding mode control. In Mode 1, 2 and 3, the battery is recharged and therefore adds to the load on the system. In Mode 4, the load is greater than what the PV, wind and hydro can supply and the hybrid system control connects to the program which determines what element (batteries or diesel generator) have priority to supply energy to enable the necessary load to be met. This is done by monitoring the power needed by the load and the power of the generating mechanism.
Control simulation for hybrid a PV/Wind/ Hydro-Diesel system
Control strategies have been recognized as an efficient way to improve process profitability. In fact, the major benefit of integrating control modeling and simulation into the energy development process is a significant reduction in total cost of ownership. A sliding control has been used for this, using PV energy generation as the primary source of energy; wind and hydro energy generation are the secondary source, the battery is the supplement, and the generator iss the back-up source of energy. The system moves between different modes depending on the power needed by the load and the power able to be supplied by each of the sources. Initially, the power supplied by the PV panels, the wind turbine and the hydro turbine is calculated for each hour over the year and stored in matrices, so that power availability in each hour can be accessed easily. The control process then begins at hour 1. The first decision loop looks at the power that can be supplied by the PV panel in this hour and the power required by the load. If the power generated by the PV panel is sufficient to match the load, the system enters Mode 1. If the PV panel cannot provide sufficient energy for the load, the control looks at the total amount of energy that can be provided by the PV panel and the wind turbine together. If these together are sufficient to provide power for the load, the system enters Mode 2. If the combined energy supplied by the PV panels and the wind turbine is not sufficient to supply the load, the control looks at the total amount of energy that can be provided by the PV panel, the wind turbine and hydro turbine together. If these together are sufficient to provide power for the load, the system enters Mode 3. If the combined energy supplied by the PV panels, the wind turbine and the hydro turbine is not sufficient to supply the load, then the system goes to the decision mode where the program determines what element (batteries or diesel generator) have priority to supply energy using decision rules based on constraints.
Mode 1
Mode 1 uses solely the energy generated by the PV panels to supply the load. When the system is in Mode 1, sometimes the energy available from the wind turbine and hydro turbine might be in excess of what is needed by the load and therefore the amount of energy supplied to the load must be matched to the load demand. This is called sliding control. As the wind turbine and hydro turbine are connected to the system, but not used to supply the load in this mode, the energy generated by the wind turbine and hydro turbine as well as any excess energy from the PV panels can be used to charge the battery.
Mode 2
Mode 2 uses the power of the PV panels plus the power of the wind turbine to supply the load. In Mode 2, if the energy available from the PV panels and the wind turbine combined is in excess of what is needed by the load, then the full power available from the PV panel is used to supply the load and the power from the wind turbine is supplied using sliding control to match the power required by the load. As the hydro turbines are connected to the system, but not used to supply the load in this mode, the energy generated by the hydro turbine as well as any excess energy from the PV panels and wind turbine can be used to charge the battery as in Mode 1.
Mode 3
The system enters Mode 3 when the power generated by the PV panel and wind turbine is not sufficient to supply the load. In this mode, if the energy available from the PV panels, the wind turbine and hydro turbine combined is in excess of what is needed by the load, then the full power available from the PV panel and wind turbine is used to supply the load, and the power from the hydro turbine is supplied using sliding control to match the power required by the load. The excess energy from the PV panels, the wind turbine and hydro turbine can be used to charge the battery, as in Mode 1 and 2.
Decision mode
Decision mode uses a program to determine what element (batteries or diesel generator) have priority to supply energy based on the following decisions:
• If the SOC of the battery is greater than the minimum amount and therefore the battery is able to supply power to the load. The battery will be used.
• If the battery is at its minimum SOC and therefore cannot be used to supply the deficit of power required. Then the diesel generator will be used. Tables (3, 4, 5, 6, 7, 8 and 9) show how the demand is met by the hybrid energy system (PV, wind, hydro and diesel generator) for the first seven days of February. It shows how the sources were allocated according to the load demand and availability. It was observed that the variation is not only in the demand but also the availability of sources. The battery or the diesel generator compensates the shortage depending on the decision mode. The entire operations of the hybrid controller can be seen from Fig. 3 . From the simulation results, the wind power is poor and variable. The hydro system has a steady power supply. The PV power supply is between 8:00 h to 19:00 h while the radiation peak is between 12:00 h to 14:00 h as can be seen in Tables (3, 4 , 5, 6, 7, 8 and 9) . Between 12:00 h and 14:00 h there is no deficit in the system and the renewable energy supplies the load and charges the battery. There is likely to be deficit in other remaining hours due to poor radiation, and the deficit is being completed by either the battery or the diesel generator.
Results and discussion
Hybrid controller switches the batteries into charging mode whenever excess power is available from the renewable sources, and switch to discharging mode whenever there was a shortage of power from sources. Battery power indicates the operating strategy of the hybrid system: charging (power positive) or discharging (power negative). It shows that the hybrid controller utilizes the battery bank effectively.
It was mentioned in the Fig. 2 , that the hybrid controller turns off the diesel generator when the load demand can be met together by the PV, wind, hydro and battery bank. For example on the typical day (day six), at 10:00 hours when the battery state of charge Table 3 Power demand met by the hybrid energy system (PV, wind, hydro and diesel generator) in day one. is 80.57%, the hybrid controller turns off the diesel generator and allocates PV, wind, and hydro to supply the load demand as well as charging the battery. From the fourth day (4:00 h) till the sixth day (10:00 h), the hybrid controller allocated the diesel generator as shown in Tables (6, 7 and 8) . The demand of the other remaining hours and days was met by the renewable energy sources (PV + wind + hydro) along with the battery bank. This reduced the operational hours of the diesel generator, reducing the running cost of the hybrid energy system as well as the pollutant emissions. It is observed that the hybrid controller allocates the sources optimally according to the demand and availability.
The Diesel-only system produces 113,687 kWh yr -1 (100%), whereas the Hybrid system (Diesel-Solar PV/Wind/Hydro) produces 16,024 kWh yr -1 (16%) from solar PV array, 539 kWh yr -1 (1%) from wind, 55,885 kWh yr -1 (55%) from hydro and 28,576 kWh yr -1 (28%) from Diesel Generator making a total of 101,024 kWh yr -1 (100%) as shown in Table 10 . The load demand is 92,715 kWh yr -1 , and the Solar PV/ Wind/Hydro-Diesel system gives an opportunity for renewable energy to supply 72% of the energy demand as shown in Table 10 .
Reducing diesel hour of operation reduces fuel consumption; also means less emission from the energy system as shown by the solar PV/Wind/Hydro-diesel system which has the lowest emission of CO 2 , PM and NO x as shown in table 11 and 12, respectively.
Conclusion
An operational control system was developed to satisfy the load demand by optimally allocating the renewable energy sources to the maximum extent while limiting the use of diesel generator. From the control simulation, the hybrid controller reduces the operational hours of the diesel generator thereby reducing the running cost of the hybrid energy system as well as the pollutant emissions. It was observed that the hybrid controller allocates the sources optimally according to the demand and availability. From the simulation result, the developed control system reduces the operational hours of the diesel generator from 7,106 h yr -1 to 1,786 h yr -1 and this saves 28,087 L of fuel per annum, thereby preventing about 73,961 kg of CO 2 from entering into the environment of the studied area. From this control simulation we were able to see the performance of the system over the course of the year to see which mode(s) the system spends most time in, the power supplied by each of the energy sources over the year, and the power required by the load over the year. This is a very useful manner to check how the system is being supplied and which source of energy is the most proficient in supplying the load.
